Discharges at the surfaces of water drops are important in the ageing of hydrophobic outdoor insulators. They may also be important in the processes leading up to flashover of these insulators in high pollution conditions. This paper considers discharges between drops when a limited alternating current is available, as experienced by an ageing insulator in service. A phenomenon is identified in which the length of a discharge between two drops is reduced through a particular type of distortion of the drops. This is visually characterised as a liquid protrusion from each of a pair of water drops along the insulator surface. This process is distinct from vibration of the drops, general distortion of their shape, and the very fast emission of jet streams seen in very high fields. The process depends upon the discharge current, the resistivity of the moisture and the insulation surface.
That silicone rubber surfaces are more hydrophobic than traditional insulators means that individual drops of moisture on the surface are more likely to remain separate from others. This has led to a renewed period of study of individual drops over the last decade or so. Most of these studies consider drops on polymeric surfaces. One well documented feature is the recovery of hydrophobicity of silicone rubber after its surface has been aged [8, 9] . That the drops vibrate and distort in an ac field is also well established [10] [11] [12] [13] .
It is clear that drops will interact with each other, even in the context of a highly hydrophobic surface. Again, considering cloud electrification, Latham and Roxburgh [14] modelled two drops allowing each to influence the other. They showed that the field between two spheres is enhanced beyond that associated with a single sphere by a factor of 3 if they are separated by their radius, and by orders of magnitude if they are much closer. They concluded that the external field required to disintegrate a drop is enormously reduced by the presence of a second drop.
The interaction of drops on a composite insulator is particularly important because many models of failure require drops to coalesce to form 'fingers' of conductivity which breach long lengths of the insulation surface. Karady et al describe the formation of filaments between drops on aged commercial SiR insulators, and a process by which this led to flashover of single sheds [15] [16] [17] . On ceramic systems two-dimensional sheens of water are formed between which a single dry-band tends to occur, allowing a single discharge to form on the insulation surface. Karady et al demonstrated that on composite insulators many parallel filamentary paths may be seen with their own discharges electrically in parallel with each other.
Krivda and Birtwhistle [18] showed that natural vibrations of a water drop change its shape during the AC cycle and so can effectively reduce the insulation path and increase the risk of flashover. They also point out the importance of gravity on inclined surfaces and that electric fields alone can force drops up an incline to move away from a high stress region. It was shown that when several water drops coalesce they can bridge a significant distance of insulation and descriptions are given of water drops growing so that discharges appear between them. The discharges result in loss of hydropohobicity between the drops and thus a long chain of elongated drops is formed. Joule heating at constricted points was shown to cause local breaks in the elongated drops and so discharges continuously appeared and disappeared in the chain. Phillips et al and Cheng et al have shown elongation of single water drops and also noted that drops do not gradually change their shape but rather change shape in steps and do not necessarily recover their shape after the field is removed [19, 20] .
Lopes et al show the interaction of water drops is important in the process of partial discharges and so for ageing of insulators [21] . They calculated a field enhancement between 3.8 to 6.3 caused by the drops. A three-stage model of ageing is suggested; in the first stage hydrophobicity is maintained and there is little leakage current; in the second some discharge activity begins and hydrophobicity is reduced; and in the third complete loss of hydrophobicity takes place leading to aggressive dry-band discharging.
It is clear from the work discussed above that discharge activity between drops is key to the ageing of the underlying material surface. The work presented here is an experimental study of discharges between pairs of drops. The stability of such discharges is investigated for a range of water conductivities and discharge currents on a number of materials with surfaces of different orientations. Discharges have been studied with fixed voltages between water drops as might be seen on an aged insulator where long filaments of moisture already exist due to corona activity previously ageing the material.
Experimental
Most experimentation was with discharges between water drops on the top of flat horizontal surfaces. However, weathersheds of insulators are neither horizontal nor planar so some tests were carried out with drops in more complex situations, notably on the underside of surfaces. The conductivity of the water was controlled by the addition of sodium chloride. Drops were placed on the top surface of an insulator by pipette. Alternatively drops were sprayed onto the underside of insulators. In each case electrodes were inserted into suitably sized and spaced drops.
Materials of most interest for high voltage composite insulators are silicone rubbers with various additives. However, to examine the role of surface energy or hydrophobicity, a number of other materials were chosen for investigation. These were glass, PTFE and two commercial silicone rubber-based materials (SiR-1 and SiR-2). In addition a further silicone rubber was used in the form of a commercially moulded shed.
A diagram of the test circuit is shown in figure 1. Metal electrodes C and D, which consisted of copper wire, were dipped into the drops A and B respectively. The test material was put in an enclosed chamber to prevent drafts, and both still and video cameras were used for observing and recording the movement of the drops. The gap between the two drops was kept to about 13 mm. The metal electrodes were separated by about 25 mm. The components shown in figure 1 include T1, a high voltage transformer, the rated voltage of which is 80 kV AC, and R1, a ballast resistor with values chosen to be between 1 M and 21 M, controlling the maximum leakage current. R2 was a 1 k current-measuring resistor. The maximum possible discharge currents are given as rms values calculated as the output voltage of T1 divided by R2. A resistant TEK P6015A HV probe was used to measure the voltage, u CD , between the electrodes C and D. A Gould Classic 9500 400 MHz digital storage oscilloscope was used to monitor the waveforms of u CD and the current, i, between the drops. The output voltage was increased by approximately 2.5 kV/s until a discharge could be ignited in every cycle.
The hydrophobicity of each material was determined by measuring the contact angle with a 0.1 ml drop of de-ionised water. This is a particularly useful measurement in this context, since the geometry of the point of contact between the liquid, solid and air is key to controlling the processes. 
Results
Images of two drops on the horizontal plates, used to determine contact angle are shown in figure 2 . The values of the contact angles between the water drops and surface of different materials are shown in table 1; each value given is an average of three measurements. In the experiments carried out, water was not replenished, thus evaporated water was lost from the drops. To typify how long an experiment needed to run to evaporate all the water, two 0.1 ml water drops were dripped onto a PTFE surface. The diameter of each drop was approximately 5 mm. The applied voltage was 6 kV, to create a discharge between the drops of 2.5 mA. The experiment was carried out with three conductivities of water. The average drying time of the drop, each being an average of three measurements, is shown in table 2. As each experiment was carried out, evaporation of moisture led to changes in conductivity of a drop. As thin layers of water dried this led to discharges being able to move over the surface of moisture as they became more resistive (Sections 4.6 and 4.7).
To facilitate description of the processes seen on different materials, a number of generic steps are described in table 3, and these will then be referred to in later sections. The voltages in column 2 of The protrusions bridge the gap between the drops, and discharges cease.
6h Table 4 . A comparison of processes occurring on each material. ,  and ? indicate a process generally did occur, did not occur, or were ill-defined respectively Stages as defined in Table 3  Material  1 
Discharge development on top of a horizontal PTFE surface
The stages 1, 2, 3 and 4 of table 3 were followed sequentially in this case. Figure 3 shows the development of discharges on PTFE. In figure 3 (a) the voltage has not been switched on, in (b) and (c) a mobile discharge is established and in (d) the discharge has reached a fixed position, and is consequently seen as a brighter image. The state shown in figure 3(d) is reached over several seconds. Higher currents resulted in faster establishment of a stable discharge. After three minutes of high-current (> 3 mA) discharge activity, there were two small pits in the PTFE at the locations of the discharge roots on the surface.
The waveform of the voltage across the electrodes and the current is shown in figure 4 . Figure 4 (a) corresponds to the beginning of the discharges before the roots were fixed. When the discharge path was fixed and the current was limited, each cycle in the waveform became full of pulses, as shown in figure 4(b). When the voltage between the drops was increased (up to 25 kV, giving a maximum leakage current of 4.5 mA) the rate of discharges within a half cycle also increased. 
Discharge development on top of a horizontal glass surface
Stable discharges rarely formed between drops larger than 0.05 ml on glass because water spreads out, preventing distinct drops from forming. If discharging was established, the two drops joined together rapidly unless the initial drops were very flat and could spread no further. When discharges on glass between small drops were established, the water rapidly formed a protrusion at each end of the discharge. At each discharge root, water protruded from the drop face, and so the roots moved to the new tips which were then nearer to the other drop. Figure 5 shows a generic picture of the drops' shape in which the distance between protrusions of length c, is a, and the breadth of the front of each protrusion is b. The discharge roots moved continuously in the region between the faces of the drop protrusions, b, and made that region become wider and wider (i.e. b increased). When the drops were very flat, forming a film on the surface, protrusions did not occur, but it was possible to maintain a sustained (several minutes or more) discharge between the two regions of water, the discharge moving across the adjacent faces of the wet regions. In this case, the facing edges became wider so that the range of the discharge movement was increased. The waveform became smoother when the gap became smaller, lowering the inception voltage of discharges. No visible damage to the glass was apparent after any of these experiments.
Discharge development on top of a horizontal silicone rubber surface for currents greater than 1 mA
The stages 1, 2, 3 and 4 of table 3 were followed sequentially in this case. The deformation of the drops was more pronounced than that on PTFE specimens. Figure 6 shows the typical development process of a discharge with currents higher than 1 mA. When the two drops shown in the figure were energized, they elongated in the direction of the electric field, as shown in 6(b). An intermittent discharge was ignited when the electric field was high enough, 6(c). The discharge then became continuous (occurred every cycle) when the voltage was increased further. At the beginning of continuous discharge activity, the discharge path was not fixed but moved across the face of the drops, as shown in 6(d). Then some water in the drops began to protrude from the location where the discharge roots were located, and the roots became fixed on the ends of the protrusions, 6(e). This is stage 5 in table 4. The discharge path was then concentrated and became more luminous. As the protrusions of the water drops grew, the discharge roots moved forward so they came closer and the discharge was compressed in length, as shown in 6(f) and (g). The speed of discharge compression was higher as the protrusion lengths increased, the shorter discharge was more luminous and the dropped voltage across the discharge became lower. Eventually the discharges were extinguished, 6(h), stage 8 in table 4.
Three sizes of drop were used: 0.015 ml, 0.1 ml and 0.3 ml. There is no evidence that the volume of drops had any influence on the discharging performance.
(a)
(g) (h) Figure 6 . Discharge processes on SiR-1 with a current greater than 1 mA.
Discharge development on top of a horizontal silicone rubber surface for currents limited to 1 mA
When the current was limited to less than 1 mA, the discharge development was different from that with a higher current. Stages 1 to 4 were similar however after discharges initiated, a thin layer of water from the drops protruded at the discharge roots, and the roots roamed over the ends of the thin protrusions, stage 6 of table 4. The protrusions extended towards each other, moving the discharge roots together. Occasionally some part of the one of the protusions was dried, and this made the discharge extend along the original path taken by the protruded water, stage 7. As time passed the height of the protusions increased, and ultimately the thicker protrusions joined together, compressing the discharge to extinction as for the higher current case, stage 8.
Discharge Damage on top of a horizontal Silicone rubber surface
The impact of discharges was similar on each silicone rubber material but depended on the duration and discharge current value. When the discharge current was limited below 800 A, there was no track on the surface after the drops joined together. A permanent track was formed over several seconds when the current was higher than 1 mA. The erosion became more severe with an increase of the discharge current and its duration. For example, a 3 mA discharge made a burn mark into the surface along the discharge path over a period of seconds when the discharge was compressed in length by the protrusions. Figure 7 shows the development of discharges on the underside of a plaque, typical of the phenomenon with the current higher than 1mA. figure 7 (e), (f) and (g). Occasionally the discharge was seen to elongate again as a protrusion reduced in length, as shown in 7(h) and described as stage 7. Eventually the discharge was gradually compressed and the two drops joined up, as shown in 7(i) and stage 8.. The longer protrusion usually came from the smaller drop. Sometimes the water in a protrusion became detached from the drop and was attracted by the opposite drop. Under such conditions, another discharge occurred between the detached protrusion and drop, as shown in figure 7(j) . The duration of the discharge activity underneath the SiR was much longer than that on the top surface with the same current. A feature of this particular process is that much of the water in the drops was used up in the experiment, and little was left at the location of the original drops.
Discharge development under a horizontal silicone rubber surface for currents greater than 1 mA
Figure 7. Development of a 2.3 mA discharge underneath SiR-1.
Discharge development under a horizontal silicone rubber surface for currents limited to less than 1 mA
The stages 1 through 5 where followed much as for the high current cases. However the protusion of water was flatter and had a wider frontage, (the parameter b of figure 5 was larger) so the drop and protrusion was more like a baseball cap than an igloo in shape. The protrusions continued to extend and the discharge roots continued to move across the tips of the protrusions making dimension b lager. The discharges were mainly concentrated on the areas of the protrusions facing each other. The discharge roots dried the water and made the front part of the protrusions shorter, as stage 7. Thereafter, the water from the drops formed further protrusions and the cycle repeated itself. The voltage and current waveforms are similar to those shown in figure 4(b) .
Discharges between shed and sheath under an insulator
In service there is a relatively high electric field at the conjunction of the sheds and rod on a real composite insulator, shown between points A and B in figure 8, compared with along the surface of the sheds [22] . Experience shows that this is also a region where damage is often first seen. This situation was created in the laboratory. Tests with electrodes in small drops (less than 0.1 ml) deposited at A and B, in figure 8, showed no protrusions when the voltage was applied. Discharges continued until the drops evaporated. Larger drops fell off, before electrodes could be inserted.
. .
A B Figure 8 . Sketch of a possible site for discharges on a composite insulator.
Quantification of discharge development on silicone rubber
The development of the protrusions can be divided into three steps. Figure 9 shows the relationship between discharge length (or distance between protrusion tips) and the time from the initiation of continuous discharging on the underside of silicone rubber. In this case the current was limited to 3 mA. The first step was protrusion initiation; portion AB. The second step was the period during which the protrusions became thicker and grew, compressing the discharge; portion BC. The voltage and current waveforms of the discharge during both steps were similar to those in figure 4a. With the decrease of the discharge length, the speed of protrusion development became lower in the third step; portion CD. The waveforms of the voltage and current in the third step were much smoother. In this step, the rate of joining of the drops became lower again. Such steps could be identified both on the top and bottom surfaces of both SiR compounds. For the top surface, the process was invariably quicker. In general terms referring to figure 7, region AB is related to pictures c and d, BC to e, f, and g and region CD to i and j. In figure 6 the region AB relates to c, d, and e, region BC to f, and region CD to g, but with a shorter time scale. The discharges underneath the silicone rubber samples lasted longer than on the top, but the dependence on current and the conductivity of the water for the duration was similar. Figure  10 shows the measured durations of discharges underneath the horizontal surface with various current values and conductivities of water drop. The current values given are the maximum current available to the discharge as determined by the series resistor R1 in the circuit of Figure 1 . Each duration plotted is an average value of three measurements under the same maximum current. There was a case in which the discharges did not extinguish under the 6.12 mS/cm and 0.8 mA conditions; this was omitted from the calculation but demonstrates the variability of the process. Figure 11 also illustrates the variability of these measurements using tap water (conductivity of 0.08 mS/cm), particularly at low current levels. Figure 12 shows the relationship between the discharge current and the time taken to establish a protrusion. It can be seen that the duration of discharging increased with the decrease of current below 1 mA. Under lower currents, the water protrusion from the drops was thinner than under higher currents. When the discharge current was lower than 300 A, there was a high probability of no protrusion forming. In the case of current greater than 1 mA, there was almost no variation in the time to create a protrusion. The discharge with tap water had a thicker visible presence than that with more conductive saline water. The roots of discharges between high conductivity drops were fixed, making the protrusions narrower than for tap water. For drops with lower conductivity, the roots covered a large area of the surface thus reducing the surface tension over a larger area enabling a wider protrusion. Experiments to observe the influence of gap distance on the duration of discharging used gaps of 13 mm, 6 mm, 3 mm and 1 mm respectively. The volume of tap water drop was 0.05 ml and the voltage was adjusted to initiate a continuous discharge. The ballast resistance was kept at 21 M. The larger the gap distance was, the greater the discharge duration. The average duration for a 13 mm gap was 5.8 s, for 6 mm it was 2.2 s. For 3 mm and 1 mm gaps the drops joined up in less than 1 s, and sometimes joined up due to vibration of the drops before the discharge initiated. Table 1 shows that PTFE and SiR have almost the same angle of contact with the water drops and are consistent with those reported elsewhere [11] . That drops on PTFE did not develop protrusions suggests another property is also of importance in determining if this process occurs.
Discussion

Impact of hydrophobicity
Drops of water could not form on the hydrophilic glass. As a result protrusions did not occur, rather the flat pool of water changed shape. This suggests the processes described here may only occur on polymer surfaces rather than hydrophilic ceramics. This is consistent with previous suggestions that the ageing mechanisms are different for ceramic and polymeric insulators because of alternative processes in addition to different chemical properties. Figure 4 (a) shows a classical image of a voltage and current characteristic of a discharge across an air gap. Once the discharge is struck within a half cycle it is stable and continues to burn until the extinguishing voltage is reached. In situations where there is insufficient current or voltage to maintain the discharge, the characteristics are those of figure 4(b). In this case the discharge is repeatedly switched on and off. The reason the discharge has become unstable electrically is because it has become spatially stable. Since the discharge is fixed in one position it increases its own temperature, and thereby reduces its resistivity. Since the discharge is in series with a high value resistance, if its own resistance falls it will reach a level where insufficient voltage is dropped across it for the discharge to be maintained. If the resistance of the discharge, R d , is given by There is a minimum value of voltage, V d min to maintain the discharge and if R 1 is so high as to prevent sufficient current then no solution exists and the discharge will extinguish as soon as it is struck, only be struck again once the voltage has recovered.
Electrical characteristics of the discharges
Thus a discharge which is stable electrically when moving about may become unstable once it is forced to locate in one place. This is the situation observed in figure 4 . In any case if insufficient current is available the discharge will not be stable within each half cycle; this was the case where the current was limited to 0.8 mA. At present no explanation is offered for the small differences seen in the positive and negative half cycles.
It is clear the formation of protrusions from water drops, which lead to cessation of discharges, is material-and current-dependent. The suggestion that the reduction in physical discharge length and the stability of discharges within a cycle is important in ageing processes has been made previously by Rowland et al [23, 24] in the case of simpler cable geometries.
The drying times of the 0.1 ml drops between which a discharge was struck varied with water conductivity (table 2) . This is to be expected since the Joule heating in each drop will depend upon its conductivity. Drops on the bottom surfaces of materials are limited in size, and in the laboratory it was shown that the process of joining the drops readily consumed the available water. This may mean that fingers of moisture form differently on the top and bottom surfaces of composites.
The presence of a low-current discharge between water drops on SiR led to the occurrence of protrusions and thus reductions in the resulting discharge length, and an increase in its localisation. This discharge root localisation is believed to increase the temperature of the discharge column, and certainly increases its impact on the surrounding material. One other consequence of this spatial stability is, as described above, the discharge becomes less stable electrically. This in turn means that the power frequency current is reduced and high frequency current increases. Thus by locating the discharge roots less electrical energy may do more damage. Lower power frequency current may be measured during this hotter phase of discharge activity.
The difference between discharge development on the top and bottom surfaces
Discharges on the underside of SiR tended to follow a similar pattern to that on the top side, but generally happened more slowly. This means that activity lasted longer and we might expect therefore that damage would be greater. The detachment of a protrusion from a drop to form a separate drop was only seen underneath a surface. This detachment of a small drop from a larger drop is a well-recorded feature in high electric fields and is understood as a means of a large drop reducing its energy. Yamashita et al [25] showed a drop situated between two electrodes extend in both directions and at high fields, first vibration occurred and then minute drops were ejected along the surface. The extension of the drop shown is similar to what is reported here, but in a much shorter time-frame of 100 ms and in the context of isolated drops between electrodes. Higashiyama et al report emission of small drops in DC fields on PTFE also over periods of 100 ms [26] . The mechanism reported in this paper is much slower than that reported previously, but the physical geometry appears similar to that reported by Higashiyama.
The lower amounts of water on the underside of the insulators due to the smaller size of water drops, and the lack of hydrostatic force feeding the protrusions led to the protrusions sometimes drying out. This created mini dry-bands and occasional short periods of discharge after the protrusions had joined the drops underneath the insulators, as shown in figure 7.
Duration of discharge events
It can be seen from figure 10 , that the duration of an discharge event (the time taken for the protrusions to link the water drops) decreased with an increase of the available current. The duration was also reduced by decreasing the drop conductivity. Both these factors increase the field in the drop. Thus it may be that increasing the field in the drop increases the rate of growth of the protrusion, thereby decreasing the discharge duration. Zhu et al [27] previously showed corona onset for a single drop of water decreases with conductivity. Such discharges are likely to occur at the drop edges and cause a loss of hydrophobicity and thus to further drop elongation. This mechanism has not been studied here but may account for the observation that the contact angle at the root became smaller as a protrusion grew. This may also have been due to many variables such as salt concentration, temperature and field increase. Changes in contact angles on polymers are widely reported and may have many causes, and are particularly time dependent for silicone rubber [9] .
Low currents lead to longer times to protrusion, slower protrusion extension and longer discharge periods. The protrusions also appear to be thinner for low currents. The duration of the discharges do not seem to be changed significantly when the conductivity of the water is greater than 0.5 mS/cm.
Particularly aggressive discharges will occur if the conditions are suitable for spatially and electrically stable discharges. In these circumstances there must be sufficient current available to keep the discharge struck within each cycle, and some physical feature such as the emergence of protrusions to fix the roots spatially. Previously these conditions have been suggested as key to the ageing of dielectric self-supporting cables on HV transmission lines [23, 24] . If the field in the discharge is less than in the drop, the discharge is able to move over the drop surface [28] and so not be fixed spatially, the mechanism by which flashover may occur [29] . The relationship between the resistance limiting the current (i.e. the resistance of the rest of the insulator surface) and the local resistance per unit length of the moisture is thus key to spatial localisation.
In the situation on a commercial insulator under the boundary between the shed and the sheath no protrusions were seen to grow. This may be because the field which is driving the protrusions from the drops is not parallel with the material surface. Many researchers have modelled the impact of a single drop [30, 31] and pairs of drops [14, [32] [33] [34] [35] on the field at the drop surface for isolated drops and drops on dielectric surfaces. It is clear from this body of work that the stability of one drop is heavily affected by the presence of another. Further work is required to determine whether the process identified here occurs on commercial insulators in field conditions.
A model for the development of discharges
The experimental results show that a discharging process on a SiR surface can be divided into six steps: 1. the low-level deformation of drops 2. initiation of mobile discharges 3. protrusion appearance 4. spatial localisation of discharges 5. protrusion extension 6. the merger of the two drops leading to discharge cessation The duration of discharge activity depends upon the rate of initiation and movement of the protrusions.
The initiation of a protrusion from a drop is a result of the combined effect of multiple tensions, as can be understood from figure 13 . This is the classical representation of the forces on the drop [9, 18] . The forces or boundary tensions at the interface of the water, dielectric surface and air are written F s-g , F s-l and F l-g respectively. When there is no electric field, the stationary water drop on a horizontal surface is in equilibrium under the effect of the three forces, that is
where  is the contact angle between the drop and solid surface. When the electrodes around which the drops are located are energized, an electrostatic force, F e , occurs, also shown in figure 13 . Under the influence of this force, the drop is deformed and vibrates in the direction of the electric field. Part of the drop may also slip forward. With the increase of voltage, discharges initiate, and the water at the discharge root is heated. The presence of the discharge moderates the value of the field and so F e . The surface tension F l-g becomes lower with the increase of temperature, tending to zero at the discharge root. If the four forces are not in equilibrium,
and water will protrude from the drop at the discharge root.
There are two opposing processes in the growth of a protrusion: one is the addition of water, the other is the drying of water by discharge root heating and Joule heating in the protrusion. The ability of a protrusion to remain or grow depends on the competition between the drying speed and the rate of addition of water. If the two opposing processes reach equilibrium a discharge will continue to burn.
For a discharge with a current of less than 1 mA, the initial protrusions are a thin layer of water. Being heated, the water tends to dry, effectively shortening the thin protrusions, so the discharges move back and forward along the protruded water. In turn, more water from the drops is added to the thin protrusions, and they become thicker. The growth of the length of the protrusions is then relatively slow. For a current higher than 1 mA or between highly conductive drops, the movement is faster. The evaporation of water at the discharge roots is much less than the supplement rate to the thick protrusions, resulting in faster protrusion growth.
The main difference between discharge activity on upper and lower surfaces is due to gravity. For a drop on the top surface of an insulator there is a hydrostatic force at the base of the drop, depending upon its height. This force, pushing water out at the base of the drop, is absent in a drop on the underside of a surface. Thus protrusions will tend to grow faster and be 'fed' with water more readily from drops on the top side of insulation. Therefore the growth of the protrusions underneath will be slower than that on the top of the plate, resulting in a longer duration of discharge activity. In any case when the gap between two protrusions becomes very small, the initial discharge voltage becomes very low too. Therefore the electrostatic force is lower than before, also reducing the rate of growth of the protrusions. This extended period of ageing on the bottom surface leads to the prediction that ageing is faster on the bottom surface since it is exposed to greater periods of discharge activity.
Conclusions
A mechanism has been identified which limits the durations of low current discharges between water drops on SiR insulation. The currents studied have been in the range of 4 mA and below, the order of magnitude expected on polluted outdoor insulators. The discharge duration is limited by protrusions emerging from the water drops. These protrusions fix the location of the discharge roots and thereby modify the discharge properties. Such a discharge recurs in successive half cycles over periods of a few seconds to many tens of seconds, depending upon the current available and the conductivity of the water drops. This process can occur on the top or bottom of a horizontal surface.
The formation of the protrusions from the drops changes a discharge from being an electrically stable one which moves position continuously, to one which is electrically unstable, but is spatially fixed. The latter case is more aggressive to the material on which the drops sit because it raises the local temperature at the discharge roots.
The process of protrusion formation from drops prevents long periods of discharge activity at currents over 1 mA . However, experiments show that protrusion occurs less swiftly on the underside of an insulator, thus exposing the underside to longer periods of discharge. The process occurs more rapidly with low conductivity drops, probably because the field is then higher within the drop.
The impact of the mechanism described on the ageing of insulation systems is not clear. The effect has been created by energising drops directly, and not by putting drops on a long insulator within an electric field as would be seen in service. Further work is required to clarify this aspect, and to relate the discharge activity to material ageing. 
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